Using molecular dynamics simulations, we demonstrate and quantify thermophoretic motion of solid gold nanoparticles inside carbon nanotubes subject to wall temperature gradients ranging from 0.4 to 25 K/nm. For temperature gradients below 1 K/nm, we find that the particles move "on tracks" in a predictable fashion as they follow unique helical orbits depending on the geometry of the carbon nanotubes. These findings markedly advance our knowledge of mass transport mechanisms relevant to nanoscale applications.
Introduction. The ability of carbon nanotubes (CNT) to interact with materials at the molecular scale combined with their unique mechanical and electrical properties is leading to innovative nanoscale mass transport systems [1] [2] [3] [4] such as nanoconveyors 5 . Simulations 1, 3, [6] [7] [8] [9] and experiments 2,10 of mass flow inside CNTs demonstrated high transport rates when compared to equivalent pores and channels, respectively. However, no detailed study of the mass transport of solid nanoparticles inside CNTs is available at present. Because of the ability of CNTs to withstand high pressures, they can be used as robust nanoscale jigs for extruding and deforming hard nanomaterials and for modifying their properties. 11 The use of CNTs for the controlled transport and deposition of solid material remains a subject of ongoing investigation because at present it still requires high temperatures and voltage. Identifying effective mechanisms and gaining fundamental understanding of mass transport inside CNTs is critical in order to realize technologies of this nature. The fabrication of nanoscale devices requiring transport of mass often follows the routes of chemical assembly including chemical deposition on patterned surfaces, 12 nanolithography, 13, 14 and biological self-assembly. 12, 15, 16 For example, experimental investigations presented "nanocars" by verifying the temperature-driven rolling motion of wheel-like alkynyl-fullerenes 17 on a gold surface. Self assembly relies on gradients of the free energy to induce a controlled motion, positioning, and immobilization or fixation of the individual objects comprising the device. Free energy gradients used for self-assembly include hydrophobic interactions, 18 electrophoresis, 19 hydrogen bond formation, 20 and surface tension. [21] [22] [23] Recent findings on the filling of CNTs with solid nanoparticles 3, 24 provide a fertile ground for the generation of new ideas for controlled mass transport inside CNTs. As an example, recent simulations have demonstrated a biased, directional diffusion of copper nanoparticles confined inside CNTs at isothermal conditions. 25 In the present study, we analyze the directed thermal diffusion and movement on "tracks" of solid gold nanoparticles confined inside different CNTs subject to a thermal gradient.
Numerical Details. We performe both constrained and unconstrained molecular dynamics simulations using the molecular dynamics package FASTTUBE. 26 To this end, the CNT is modeled by a Morse bending, a harmonic cosine, and a torsion potential. With this model, we recover the experimental phonon frequencies in the graphene plane with an uncertainty less than 5%. The gold-gold interaction is modeled by the glue model. 27 The interaction between gold and carbon atoms is described by a 12-6 Lennard-Jones potential with Au,C ) 1.226 kJ mol -1 and σ Au,C ) 0.29943 nm. 28 The constraint molecular dynamics simulations of this study employ the Berendsen thermostat 29 to impose a constant temperature in the range of 300-800 K. During the initial 2 ns equilibration, the system is weakly coupled to the thermostat with a coupling constant of 50 ps. The time step is set to 0.002 ps to resolve the lattice frequencies of the CNT adequately.
For the nonequilibrium molecular dynamics simulations, a temperature gradient is applied to the ends of the tube after equilibrium is reached. The CNT is fixed on both ends, with one end mounted on a heating source while the other is considered attached to a reservoir of high thermal inertia. We impose a constant temperature gradient by thermalizing only two 2 nm sections of the CNT ( Figure 1a) ; that is, no thermostat is applied to the nonheated section between the ends of the CNT. A 0.5 nm section of the CNT is furthermore immobilized (zero net axial and rotational motion), mimicking a realistic situation of a nanotube bridging a gap between two points in a system.
All simulations performed here are summarized in Table  1 , showing the constrained (setting the center of mass velocity, V CoM ) and unconstrained (temperature gradient) experiments.
Results. Here, we study the directed thermal diffusion of gold nanoparticles confined inside different CNTs subject to a thermal gradient using unconstrained nonequilibrium molecular dynamics simulations. Two different CNTs are considered here, a zigzag CNT with a chirality vector of C h ) (30,0) ( Figure 1a ) and an armchair CNT with C h ) (17,17). (17, 17) armchair CNT with CNT diameter of ∼2.30 nm is somewhat smaller because of the higher equilibrium temperature of 800 K. Thus, due to Pauli's principle, the van der Waals radii between the CNT walls and the gold nanoparticles are ∼0.315 nm at 300 K and 0.300 nm at 800 K, respectively. The cylindrical part of the larger Au 775 nanoparticle is approximately twice as long as that of the Au 424 particle (Figure 1a ), see Table 1 . The melting temperature of the Au 424 and Au 775 gold nanoparticles enclosed in these CNTs with tube diameters of approximately 2.30 nm is larger than 950 K. 30 Temperature differences (∆T) of 100, 200, 500, and 1000 K are imposed across the 42 nm of the armchair CNT (Au 775 -CNT (17, 17) ), corresponding to temperature gradients (∇T) of approximately 2.4, 4.8, 12, and 24 K/nm. Likewise, temperature differences of 40 and 60 K are imposed across the longer zigzag CNT of 106 nm length (Au 424 -CNT(30,0)) to test possible effects of the lengths of the CNT on the driving mechanism. This results in experimentally feasible temperature gradients of approximately 0.4 and 0.6 K/nm for the zigzag tube.
For all of the temperature gradients considered (0.4-24 K/nm), the nanoparticle experiences a directed motion in the direction opposite to the temperature gradient (Figure 2a) , that is, from the hot to the cold region. For the hightemperature gradients (2.4-24 K/nm), a maximum terminal velocity is reached at 0.026, 0.042, 0.101, and 0.162 nm/ps (Au 775 -CNT (17, 17) ). For the smaller temperature gradients (0.4-0.6 K/nm), the velocities range below 0.030 nm/ps (Au 424 -CNT(30,0)). At the terminal velocity, the friction force acting between the two solid surfaces balances the driving thermal force. For the small temperature gradients, for example, 0.4 K/nm applied to the (30,0) zigzag CNT, the axial motion of the gold nanoparticle contains stop-andgo events (Figure 2b ). Moreover, Figure 2c clearly indicates that the particle does not travel in a straight line through the tube but rotates around its longitudinal axis. Changes in the rotational direction (from clockwise to counterclockwise) can occur. This rotation during translation results in helical orbits of gold atoms and is correlated with the helical lattice symmetry of the CNT (Figure 1b ). In the following section, the helical motion of the gold nanoparticle is discussed in the trajectory analysis while the driving force is discussed separately.
Trajectory Analysis. Carbon nanotubes are characterized by a specific symmetry given by their chirality vector C h . Relative to the tube axis, "threadlines" 31 
by neglecting the n-fold rotation about the tube axis. 32 In this equation, a is the unit cell height, z 0 and Φ 0 are the polar coordinates of a certain carbon atom with r being the radius of the tube, u ) 0,1, and t ) 0, (1, (2, ..., and, for example, q/n ) 2 and w ) 1 for achiral tubes. 32 Threadlines in zigzag CNTs are arranged with pitch angles of R zz ) 0°( circumferential) and R zz ) (60°(helical, Figure 1b ) relative to the tube axis direction, respectively, and have R ac ) (30°( helical, Figure 1b ) and R ac ) 90°(tube axis) for all armchair tubes. Chiral tubes do not have the same symmetry as those in the case of armchair or zigzag CNTs; that is, the pitch angle of the threadline in the positive and negative direction, respectively, deviates. The chiral CNT presented in the following discussions (C h ) (28,2)) have pitch angles of helical symmetry relative to the tube axis of R ch + ≈ +56.6°( a Generally, the simulations can be divided in constrained (setting the center of mass velocity, VCoM) and unconstrained (applying the temperature gradient, ∇T). Only for the calculation of the thermal force, both a temperature gradient and a constant center of mass velocity were applied as discussed in the text [Au775-CNT (17, 17) ]. In the case of Au424-CNT (18, 18) and Au424-CNT(30,0), either the temperature gradient was applied to test for the thermal force or the center of mass velocity was applied in order to calculated the helical atomic orbits.
The helical symmetry of the CNT threadlines given by eq 1 can be approximated mathematically by a helical (screw) line S(r,φ,z) ) [r cosφ,r sin φ,hφ] and pitch angle R ) tan -1 (h/r). The length of this helical line is calculated by with the prime denoting the derivative with respect to the angle φ. The angle in the x-y plane is denoted by φ and h is the pitch of a spiral in the tube axis direction. For the particle trajectory, this equation is modified to approximate the helical, screw-like path of gold atoms orbiting around the center of mass of the nanoparticle while traveling through the CNT, that is, the change in local position with time as where r i and z i give the radius and axial position of gold atom i in the outermost shell at the gold-carbon interface. Note that the cylindrical part of the gold nanoparticle inside the CNT is structured in concentric shells around the tube axis. 30 The core radius r i considers the offset of the gold from the carbon atoms due to Pauli's principle. The absolute value |φ i | of the angle φ i denotes the angle of a certain atom relative to the tube axis. Because of the symmetry of CNTs allowing the particle to do a clockwise and counterclockwise rotation along the threadlines of the tube, we considered the absolute value of the angle φ i . The ensemble average is denoted by 〈...〉. At temperatures considered in the constrained simulations, the nanoparticle is in the solid state; that is, the atom trajectories are highly correlated so that ensemble averaging is performed for 10 gold atoms contained in the outermost cylindrical shell of the gold nanoparticle. The integration considered all changes in φ i of the particle trajectory traveling a certain distance along the tube axis, z. The second integration is performed over a period of time T for which the particle travels a distance of 20 nm (middle section of the tube to neglect boundary effects at the edges). 
We correlate the helical (or screw-like) trajectory of the moving (simultaneous translation and rotation) nanoparticle with the CNT lattice symmetry. Thus, we compare the pitch angle (R tr ) and the length (L(S Au )) of the helical path (S Au ) of the gold atoms orbiting around the center of mass of the gold nanoparticle with corresponding values (L(S) and R) of the helical, screw-like symmetry of the threadline (S) characterizing the CNT (Figure 1b) . To this end, the path of single atoms in the outermost shell of the gold particle is traced and integrated over time (see eq 3). The length and pitch (chiral) angles of the helical threadline of the armchair (L(S) 30 and R ac ) (30) and zigzag (L(S) 60 and R zz ) (60) CNT are modeled by eq 2. All length scales are normalized by the distance traveled by the center of mass of the gold nanoparticle (L CoM ). Thus, a relative length (L(S Au )/L CoM ) larger than 100% indicates simultaneous rotation (orbiting) and translation and increases if the pitch angle of the helical line decreases.
For the small (0.4 K/nm) temperature gradient shown in Figure 2d , the relative length L(S Au )/L CoM ranges between 109% and 125% in the time span of approximately 4.2 ns and 7.5 ns (Figure 2d ) corresponding to a center of mass velocity (V CoM ) of 0.020 nm/ps slightly decreasing to 0.010 nm/ps. During this time, the pitch angle of the atomic trajectory varies between R tr ≈ (67°(at 4.2 ns, right after the acceleration) and R tr ≈ (53°(at 7.5 ns). This is in reasonable agreement with the pitch angle of helical threadline for a zigzag CNT, R zz ) (60° (Figure 1b) . The corrugation of the CNT lattice is small along these threadlines so that the trajectory of the gold nanoparticle converges to these lines. During the stop-and-go phase at the beginning of the simulation (<4.2 ns, before acceleration) the relative length of the gold atoms trajectory in the outermost shell is increased (around 150%, Figure 2d ), indicating oscillation of the particle around its longitudinal axis.
To study the helical motion of the gold nanoparticle in detail, we perform constrained molecular dynamics simulations at isothermal conditions (at 300 K). Thus, a constant velocity in the range of 0.005 nm/ps and 0.030 nm/ps is imposed to the center of mass of the particle equivalent to small temperature gradients between 0.4 and 1 K/nm. We study an armchair, a zigzag, and a chiral CNT with chiral vectors of C h ) (18, 18) , (28, 2) , and (30,0) corresponding to the diameters of approximately 2.44, 2.27, and 2.35 nm, and the length of the CNTs is 42 nm.
The results from the constraint molecular dynamics simulations shown in Figure 3a and b for the zigzag CNT (Au 424 -CNT(30,0)) illustrate the helical orbit of a single gold atom similar to the unconstrained particle driven by a temperature gradient (shown in Figure 2c ). The highfrequency oscillations at small velocities, for example, V CoM ) 0.010 nm/ps, observed in the trajectory is caused by diffusion around the rotational axis (Figure 3a) . However, for a higher velocity V CoM ) 0.015 nm/ps and reduced oscillations ( Figure 3b ) the particle trajectory converges to the helical threadline of the zigzag CNT (pitch angle R zz ) (60°) as described by a measured pitch angle of the atomic trajectory of R tr ≈ (60°. At an axial position of approximately z CoM ≈ 10 nm and z CoM ≈ 15 nm, the particle rotation changes direction (Figure 3b) .
We observe no pure translation for the velocities considered (Figure 3c Figure 3c ). This is in reasonable agreement with the helical threadline of a zigzag tube with R zz ) (60°and in accordance with the results presented for the temperature-driven particle in the same tube.
In the case of the chiral (Au 424 -CNT(28,2)) and armchair (Au 424 -CNT (18, 18) ) carbon nanotubes, the relative length of the helical atomic orbit (L(S Au )/L CoM ) decreases quickly with increasing velocity corresponding to an increase of the measured pitch angle (R tr ). However, the relative length of the helical orbit (L(S Au )/L CoM ) inside the chiral CNT reaches a constant value for higher velocities V CoM g 0.020 nm/ps at approximately 107% (Figure 3c ) corresponding to a measured constant pitch angle of approximately 68°. Thus, no pure translation without simultaneous rotation exists even at a high speed of V CoM ) 0.030 nm/ps. Decreasing error bars of the pitch angle (less than 4%, inset of Figure 3c ) indicate a unidirectional rotation that persists for an extended amount of time in the counterclockwise direction, which is explained by the unique, asymmetric helical property of the chiral tube in this direction (Figure 1c) .
In the case of the armchair CNT, the relative length (L(S Au )/L CoM ) and pitch angle (R tr ) do not converge to constant values for higher velocities (V CoM g 0.020 nm/ps). This is explained by the second threadline aligned with the tube axis (R tr ) 90°) allowing the gold nanoparticle to travel on a straight trajectory without any rotation. The helical orbit is correlated to the CNT symmetry only for small velocities V CoM e 0.005 nm/ps.
The uncertainty in pitch angles of the helical orbit for the armchair case is on the order of 15-27% compared to 8-15% for the zigzag case and 4-15% for the chiral case (inset of Figure 3c ). The smaller values for the zigzag and chiral cases indicate that changes in rotational direction and superposed oscillation around the longitudinal axis at the threadline are less likely to occur and, in case of the chiral CNT, a unidirectional rotation persists. The higher probability of changing direction of rotation and oscillation, respectively, of the gold nanoparticle inside the armchair CNT may be explained by the difference in the surface corrugation when compared to the zigzag CNT. The resistance against relative rotation decreases with a decreasing standard deviation. 33 Therefore, we calculate the standard deviation of the cylindrical shape from a perfect cylinder from 〈Dr c,i (z)〉 ) 〈|r c,i (z) -〈r c,i (z)〉|〉, 34 thus quantifying the average deviation from a perfect circular shape at constant z along the tube axis. The deviation from perfect cylindrical shape for the whole armchair CNT is approximately 2.21%, whereas this deviation is slightly smaller for the zigzag CNT, 1.97%. For the cylindrical shell of the gold nanoparticle at the goldcarbon interface, the corresponding values are approximately 3.08% for gold enclosed in the armchair CNT (Au 424 -CNT (18, 18) ) and 2.43% enclosed in the zigzag CNT (Au 424 -CNT (30,0) ). That is, in the case of Au 424 -CNT(30,0) both the zigzag CNT and the gold nanoparticle are more cylindrical when compared to the system Au 424 -CNT (18, 18) of the armchair CNT. These values stay nearly constant up to temperatures of 800 K and increase slightly for higher temperatures. No helical motion is observed for T > 1000 K, which may be caused by the phase change of the gold nanoparticle. 30 Force Analysis. To gain insight into the driving mechanism of the thermally induced solid transport, we performe another series of constrained but nonequilibrium molecular dynamics simulations in which we systematically vary the temperature gradient (∇T) and the mean temperature (T h). We note that for the present system the temperature gradient induces a difference in the capillary pressure (∆p) opposing the motion, as ∆p ) -1/2 R∆γ cos θ, where R denotes the radius of the meniscus and ∆γ denotes the change in surface tension of the gold-carbon interface due to changes in the temperature, here ∆γ < 0 for ∆T > 0. 35 For the considered system, the contact angle θ exceeds 90°, 35 hence ∆p < 0 for ∆T > 0.
We study an Au 775 particle confined inside a 42-nm-long (17,17) armchair CNT and extract from the simulation the force required to drive the particle through the CNT at a constant axial velocity. The imposed center of mass velocity is 0.015 nm/ps, sufficient low to ensure a velocityindependent force. The measured running average force f(t) shown in Figure 4a is clearly harmonic, and we extract from this running average the mean thermal force F h th by fitting the data to the harmonic function where A, λ, and denote the amplitude, wavelength, and phase lag of the harmonic function. The extracted wavelength is 0.215 nm (Figure 4a ) and is disparate from the peaks in the bulk radial distribution functions for gold-gold (0.286 nm), gold-carbon (0.2994 nm), and carbon-carbon (0.142, 0.246, and 0.284 nm). We perform phonon frequency calculations via the velocity autocorrelation function and find that the caps of the gold nanoparticle arrange themselves in an fcc-crystal structure, while the structure of the cylindrical part is helical. Specifically, at the grain boundary, in the vicinity of the moving contact line, the interatomic distance between the gold atoms is significantly smaller than that in bulk gold (Figure 4b and c) . Thus, we expect that the harmonic oscillation in the thermal force is caused by such a pair of compressed gold atoms passing by a specific carbon atom of the nanotube. Even at this high temperature gradient, the average force (Figure 4a ) displays instantaneous negative values, which at a low temperature gradient may result in a sticking behavior of the kind observed for the freely moving gold nanoparticles (Figure 2b) .
To measure the force, we first vary the temperature gradient from 4.76 K/nm to 25 K/nm while keeping the mean temperature at 800 K. The resulting mean thermal force shown in Figure 4d is clearly linear, thus F th ) K∇T, with K ) 0.00345 ( 0.00002 kJ/mol‚K. The linear proportionality is similar to that exhibited by a thermophoretic force in kinetic gas theory [36] [37] [38] but presents, to the authors' knowledge, the first observation of thermophoretic motion between two solids. Varying the mean temperature from 300 to 1000 f(t) ) A cos ( To exclude the possibility that the thermally driven motion of the nanoparticle is due to the conical shape of the CNT induced by the thermal contraction of the tube, [39] [40] [41] [42] we study an additional configuration consisting of an Au 424 particle inside a large 3.9-nm-diameter (50,0) zigzag CNT. The equilibrium structure consists of an approximately spherical gold nanoparticle with a diameter of 2 nm physisorbed to the inner wall of the CNT. This particle experiences a similar directed motion opposite of the temperature gradient (not shown here).
Conclusions. In summary, we have demonstrated that motion can be imparted on a solid gold nanoparticle confined inside a CNT subject to a temperature gradient. The study presents, to the best of our knowledge, the first observation of thermophoretic forces between two solid materials. Helical orbits of gold atoms inside the CNT are documented for temperature gradients not exceeding 1 K/nm, correlating with the lattice symmetry of the CNT. The results of the present simulations are intriguing because they demonstrate unique thermally driven mass transport capabilities of CNTs and the influence of different CNT symmetries on the trajectory (transport "on tracks") of solid gold nanoparticles. 
